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Abstract 
 
The National Institute of Radiological Sciences (NIRS) has developed a hybrid raster-scanning irradiation 
method to perform charged-particle radiotherapy with higher accuracy. For the treatment of a moving target, the 
phase-controlled rescanning method was applied to the irradiation method. In addition, to improve quality of the 
ion beam, multiple-energy synchrotron operation was adopted during irradiation. To establish innovative 
techniques, three requirements were indicated: reduction of the beam-current ripple, suppression of the 
beam-current spike and beam-intensity modulation, concerning beam-extraction control. 
In resonant slow extraction, the main ripple source of the extracted beam-current is the current ripple of the 
magnet power supplies. The beam-current ripple caused by it was reduced to below 50% by an optimizing 
method of the tune distance and the sextupole field strength in the RF-knockout slow extraction. The ripple 
reduction makes the dose error or the necessary time of the irradiation to become half of the original one. 
A spike of the extracted beam-current is induced due to switching of the beam-on/off and beam-energy. It was 
reduced to 0.4% by applying a transverse RF-filed, with an extra frequency component, to the circulating beam 
during extraction. That result permits one to apply fast variable beam-energy extraction using multiple-energy 
operation. 
The beam-intensity control system was improved on the basis of a previous study. A low-level RF generator, 
which has the function of feedback amplitude modulation, was developed to be installed in the improved system. 
The system performed beam-intensity modulation with a range of thirty times while suppressing the 
beam-current ripple to below 20%. The system has been used in NIRS scanning irradiation since the first 
treatment, which was conducted in May 2011, and clinical studies for eleven patients were successfully 
completed owing to the progress of the beam-extraction control in November 2011. 
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Chapter 1: Introduction 
 
1.1 Charged particle therapy 
 
1.1.1 Medical applications of particle accelerators 
 
In 1895, W. C. Roentgen discovered the X-ray, and its remarkable feature that it penetrates human tissue. 
Medical applications of the X-rays were initiated soon after his discovery. At present, as we know, radiation 
including X-rays, gamma-rays and energetic particles is widely used for diagnostic imaging or cancer treatment 
around the world. Modern radiotherapy for cancer, called proton therapy or heavy-ion therapy, employs particle 
accelerators to produce proton or heavier ion beams with energies of several hundred MeV/n. 
Energetic ions traveling through matter release their energy maximally near the end of their range. That is a 
characteristic energy deposition, called the Bragg peak, named after the physicist who discovered this 
phenomenon [1]. In 1946, R. R. Wilson suggested the possibility of using high-energy protons and heavier ions 
for cancer treatment. In his paper [2], he described that the Bragg peak is suitable for delivering high doses to 
deep-seated tumors, while reducing damage to normal tissues. In 1954, C. A. Tobias, J. H. Lawrence and others 
performed the first proton treatment for a human pituitary gland using a 340 MeV proton beam [3,4] provided by 
a 184 inch Synchrocyclotron, which had been constructed by E. O. Lawrence at the University of California 
Lawrence Berkeley Laboratory (LBL). Proton and heavy-ion therapy facilities have been constructed in Europe, 
USA and Japan [5-8] since 1957. Construction projects of new treatment facility are still progressing around the 
world. 
In Japan, the National Institute of Radiological Sciences (NIRS) has carried out carbon-ion radiotherapy with 
beam-energies from 140 to 400 MeV/n, provided by the Heavy Ion Medical Accelerator in Chiba (HIMAC) 
since 1994 [8,9]. A total of more than 5900 patients have been treated as of August 2011. 
2 
 
 
Fig. 1-1. Aerial view of the HIMAC facility. 
 
 
HIMAC is the first accelerator dedicated to cancer therapy with heavy-ion beams in the world. An aerial view of 
HIMAC is shown in Fig. 1-1. The HIMAC accelerator complex has three ion sources, an injector consisting of a 
radio frequency quadrupole (RFQ) and an Alvarez drift tube linac, and two identical synchrotron rings installed 
in the upper and lower floors. HIMAC equips three treatment rooms: room A with a vertical beam only, room B 
with both a horizontal and a vertical beam, and room C with a horizontal beam only. There are also physics 
experimental, secondary beam and biology experimental rooms. HIMAC is capable of providing not just 
carbon-ions, but various ion species from H to Xe for experiments. Furthermore, NIRS constructed a new 
treatment research facility connected with the HIMAC upper synchrotron ring [10]. A schematic view of the new 
facility is shown in Fig. 1-2. In this facility, there are three treatment rooms. Two of them, rooms E and F, were 
equipped with both a horizontal and a vertical fixed beam port; the other, room G, intends to be equipped with a 
rotating gantry [11]. 
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Fig. 1-2. Schematic view of the new HIMAC treatment research facility. 
 
 
1.1.2 Ion beam irradiation methods 
 
At HIMAC, rooms A, B and C, a broad beam irradiation method [12] has been routinely used to make dose 
distribution since the first clinical trial of heavy-ion cancer therapy in June 1994. An archetypal scheme of this 
irradiation method is illustrated in Fig. 1-3. In this method, the delivered beam from the accelerator is broadened 
by a scatterer after being scanned circularly using wobbler magnets to make a uniform lateral distribution. In 
addition, the Bragg peak of the carbon beam is also spread out longitudinally by a ridge filter, and then it is 
formed by a collimator and compensator according to the lateral and distal shapes of a target tumor. Control of 
the beam extraction is simple for this irradiation method, because the fluctuations of the extracted beam-current 
and position are averaged in the broaden process; however, the extra dose given to the normal tissue is large in 
the case of an irregular-shaped target. On the other hand, it usually takes a week to manufacture the range 
compensators and patient collimators. Consequently, it is difficult for the broad-beam method to respond to the 
case that the target shape changes during the entire treatment period, which is sometimes observed at HIMAC. 
NIRS started, therefore, to develop a three-dimensional scanning irradiation system with a pencil beam 
E F
G
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[13-15], following research institutes in Europe and USA. The scanning irradiation method fills the target region 
with the prescribed dose both transversely and longitudinally, as shown in Fig. 1-4, by scanner magnets and 
degrading the beam-energy. This irradiation method allows planning, even for irregular-shaped targets, without 
any compensators and collimators, and with a low extra dose to normal tissues. In September 2010, 
commissioning of the scanning irradiation system was begun in room E. The first therapeutic irradiation was 
conducted there in May 2011. It is the third facility of the heavy-ion scanning irradiation, after GSI and 
Heidelberg University Hospital. 
 
 
Fig. 1-3. Scheme of the broad-beam irradiation method. 
 
 
Fig. 1-4. Scheme of the beam-scanning irradiation method. 
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1.2 New challenges and requirements in NIRS scanning irradiation 
 
1.2.1 Hybrid raster scanning method 
 
The NIRS scanning system adopts a hybrid raster scan method [16,17] to make the desired dose distribution 
fast into isoenergy slices. The delivered dose is controlled in each individual spot divided from the target region, 
as illustrated in Fig. 1-5, in the same way of discrete spot scanning [18]. Unlike the discrete method, the beam 
continues to be delivered to the target isoenergy slice during shifting the target spot to the next one. The extra 
exposure during the transition between the spots is taken into account in the treatment planning. Therefore, it 
becomes essential to control the dose given between the spots precisely [19]. Though the NIRS scanning system 
controls it by keeping the extracted beam-current constant, the beam-current with large ripple brings about a 
difference between the prescribed and delivered dose, as shown in Fig. 1-6 (a). To lower the dose error, it was 
required that the beam-current ripple be reduced to as low as possible (Requirement 1). In addition, two other 
requirements were indicated for new two challenges described in the following sections. 
 
 
Fig. 1-5. Dose control by the hybrid raster scanning method. Beam-current ripple and spikes produce errors of 
the dose deposited between the spots. 
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Fig. 1-6. Uniformity comparison of the dose distributions made by the extracted beam-current with large ripple 
(a) and spike (b). The standard deviation of the ripple is 70%, and the peak of the spike is 8-times as high as the 
required beam-intensity. 
 
1.2.2 Multiple-energy operation 
 
The NIRS scanning system has utilized various thickness plates, made of polymethyl methacrylate (PMMA), 
as energy degraders. The degrader method is simple for control of the accelerator and beam transport, because 
the beam-energy is fixed. However, these range-shifter plates, particularly the thick one, induce a growth of the 
beam spot size on a target due to multiple scattering. The spot-size growth causes an increase of the lateral 
penumbra, which consequently damages normal tissues around the target tumor. Synchrotron rings in some 
facilities have supplied an ion beam while varying its energy cycle-by-cycle [20], instead of using energy 
degraders, as indicated in Fig. 1-7 (a). This method is one possible solution to improve the quality of the 
irradiation beam, although the necessary time taken for irradiation becomes longer by increasing that for beam 
injection, acceleration and deceleration. 
NIRS tries to conduct scanning irradiation with a unique operation pattern of the synchrotron, as shown in Fig. 
1-7 (b). This operating method, called multiple-energy operation, has been developed at HIMAC to change the 
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beam-energy rapidly in the synchrotron ring [21]. This operation pattern has some short flat-tops in a single 
cycle to supply the various beam-energies by decelerating stepwise. To extract the circulating beam, each 
flat-top can be extended by holding the output currents and voltages from the power supplies of the magnets in 
the synchrotron ring. This operation method permits us to reduce any dead time caused by injection, acceleration 
and deceleration. The operation pattern of Fig. 1-7 (b) has eleven energy-stairs of 430, 400, 380, 350, 320, 290, 
260, 230, 200, 170 and 140 MeV/n, corresponding to the water range from 31 to 5 cm. This enables one to treat 
only with thin range shifter plates, by making major changes of the beam-energy within the synchrotron ring. 
 
 
Fig. 1-7. Various synchrotron operation patterns to change the beam-energy. They are (a) the cycle-by-cycle 
energy changed operation, (b) the 11 and (c) the 150 energy-stairs operation with extended flat-tops. 
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As a future plan, NIRS aims to carry out scanning irradiation using a pattern with more energy-stairs, as 
indicated in Fig. 1-7 (c), without using a range shifter. On the other hand, beam-current spikes are induced at 
beam-on switching by the emittance growth due to stepped decelerations. It was required that the beam-current 
spikes be suppressed (Requirement 2), in order to prevent any hot spots of the dose distribution, as indicated in 
Fig. 1-6 (b). 
 
1.2.3 Moving-target irradiation with pencil-beam scanning 
 
In the NIRS scanning project, one of most important aims is to realize the treatment of a moving target by 
respiration motion. So far, NIRS has conducted treatments of moving targets with a respiration-gated irradiation 
method [22,23] in broad-beam irradiation. The target motion during beam irradiating can be limited by this 
method. The prescribed dose can be delivered certainly to the whole of the target volume by including an 
internal margin according to the residual motion range. In scanning irradiation with a pencil beam, however, the 
interference between the target motion and the scanned beam trajectory produces hot and cold spots of the dose 
distribution in the target region, as shown in Fig. 1-8 (a). The NIRS scanning system employs a phase-controlled 
rescanning method [24,25], which is the combination of a rescanning method [26] and the respiration-gated 
method. The nonuniformity of the dose distribution fades by averaging with a sufficient number of rescans, as 
indicated in Fig. 1-8 (b). On the other hand, the fast scanning magnets and their power supplies have been 
developed to shorten the rescanning time. 
Moreover, the development of beam-intensity modulation control was required to produce a uniform dose 
distribution, regardless of the total dose in the isoenergy slices (Requirement 3). An irradiation time that is 
considerably shorter than the respiration gate is capable of producing an extra dose, as show in Fig. 1-9. The rate 
of the extracted beam-current is modulated so that the time lengths of the beam-on gates become equal to those 
of the respiration gates. 
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Fig. 1-8. Uniformity comparison of the dose distributions in a moving target. The maximum displacement of the 
target motion is 15 mm. Distribution (a) is without the respiration-gated method, and (b) is for ten rescans being 
applied. The target motion is limited to 5 mm or less. 
 
 
 
Fig. 1-9. Use of the beam-intensity modulation in respiration-gated irradiation. 
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1.3 Experimental studies for advanced beam-extraction control 
 
The study, development and improvement of the beam-extraction method were required in order to satisfy the 
three requirements: 
(i) reduction of the extracted beam-current ripple, 
(ii) suppression of the extracted beam-current spike, and 
(iii) beam-intensity modulation, 
for the new challenges in scanning irradiation. In this thesis, the RF-knockout slow-extraction method [27], 
which is used to obtain a beam-current for more than several seconds, and the beam-extraction control system 
were studied for these purposes by conducting simulations using a particle-tracking program and conducting 
experiments at the HIMAC synchrotron. 
In chapter 4, an optimizing method of the betatron tune and the sextupole strength is proposed to reduce the 
beam-current ripple further. This method makes the extracted beam-current less sensitive to any fluctuation of 
the magnetic field, induced by the power supply ripple [28]. The amplitude of the beam-current ripple was 
reduced to below 50% by this method. The control method of the circulating beam distribution during extraction 
is discussed in chapter 5. The particle density just inside the stable region is lowered by applying a transverse 
RF-field with an extra frequency component [29]. The amount of beam-current spike, which is brought by 
beam-on/off switching and/or the multiple-energy operation, was reduced to 0.4% of the original amount by the 
distribution control. The feedback control of the extracted beam-current is considered in chapter 6. A low-level 
RF generator with the feedback voltage control was developed [30,31], and installed in the beam-intensity 
control system. The beam-intensity was modulated with a range of thirty times while maintaining a low 
beam-current ripple. This thesis is concluded in chapter 7. The new findings, described in this thesis, concerning 
beam extraction contribute considerably to the accelerator physics and its medical applications. They also have 
played an important role in NIRS scanning irradiation. 
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Chapter 2: Resonant slow extraction 
 
2.1 Theory of nonlinear resonance 
 
The beam extraction from the synchrotron ring is divided into fast and slow extraction according to the time 
structure. In the fast extraction, the beam is extracted with a fast deflection by driving the fast kicker magnet. 
This magnet is excited within a shorter time than the beam bunch separation, and the pulse length of the 
extracted beam-current becomes equal or less than the revolution time. It is usually about a few microseconds. 
On the other hand, the slow extraction method is usually used to provide the beam-current longer than 
milliseconds. 
In the slow extraction, it is required that a part of the beam is extracted continuously from the synchrotron ring 
while the other part circulates stably in the ring. Therefore, the nonlinear resonance between the betatron 
oscillation and multipole field is applied. The theoretical expression of the nonlinear resonance is derived in this 
section. In the nonlinear resonant condition, the motion of the particle with large betatron amplitude becomes 
unstable. Its betatron amplitude enlarges in the unstable region, until being extracted from the synchrotron ring. 
The RF-knockout slow extraction method utilizes the transverse beam heating by the RF-field to continue 
extracting the particles circulating in the ring. The theoretical formulas, which represent the amplitude growth 
induced by the transverse RF-field, are indicated in the next section. 
The following three combinations of the resonance and the multipole field are used in synchrotron. 
(i) Third-integer resonance and sextupole field. 
(ii) Half-integer resonance and octupole field. 
(iii) Fourth-integer resonance and octupole field. 
The transverse field components produced by an ideal design magnet with 2n poles are given by using the 
magnetic vector potential, A

, from AB

 , as follows: 
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These components are defined in the curvilinear, right-handed Cartesian coordinate system (x, s, z), as shown in 
Fig. 2-1. The coordinate vector of the s direction is positioned tangentially to the equilibrium orbit of the design 
particle. In the plane perpendicular to the particle’s trajectory, those of the x and z directions are put 
orthogonally to each other. It is common that the positive direction of x coordinate is chosen as being toward the 
outside of the circular orbit. The real and imaginary terms in Eq. (2.3) correspond to regular and skew multipole 
magnets, respectively. Some examples of the regular and skew multipole shape are indicated in Fig. 2-2. 
 
 
 
Fig. 2-1. Coordinate system of the beam moving in the synchrotron ring. 
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Fig. 2-2. Shapes of the multipole magnets. Those are (a) the regular dipole, (b) quadrupole, (c) sextupole and (d) 
octupole shapes, and (e) the skew quadrupole, sextupole and octupole shapes. 
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The general equation of motion, for a particle circulating in the synchrotron ring, is represented as 
 
   Bqm
dt
d 
  .        (2.4) 
 
In the coordinate system as Fig. 2-1, assuming that the particle’s velocity, s, toward the s direction is invariant, 
the above equation can be transformed from the differential of t to that of s. In addition, considering that the 
curvature radius, r, of the design particle is sufficiently larger than the displacement x and z, the terms higher 
than second order of those can be neglected. Therefore, unless the skew quadrupole components exist, the 
equation of x and z can be independently express as 
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The Br in Eq. (2.7) is called the magnetic rigidity. Treating y as the general transverse coordinates of x or z, Eq. 
(2.5) and Eq. (2.6) can be united by using the periodic function, K(s), as follows: 
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This is a quasi-harmonic equation called the Hill’s equation. From the Floquet theory, the solution to the above 
equation is derived by considering the periodic condition as 
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where  is the betatron amplitude function,  is the betatron phase function, and a constant  is called the 
emittance of the trajectory. The emittance corresponds to the area of an ellipse, which is drawn in the (y, y’) 
phase space by the betatron oscillation of a particle, divided by  as shown in Fig. 2-3. 
 
 
 
Fig. 2-3. Phase space (y, y’) and betatron oscillation of a particle. 
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The frequency of the betatron oscillation, obtained from the phase advance per revolution, 
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is called the betatron tune. This is the important parameter concerned with the resonance. By applying the 
following transformation: 
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Eq. (2.9) can be replaced, as indicated in Fig. 2-4, with simple harmonic motion:
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This new coordinates system (Y, Y’) is called the normalized phase space. It is obvious that the emittance is the 
same in both systems. The transformation matrix, MN, from (y, y’) to (Y, Y’) phase space is defined as 
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Fig. 2-4. Normalized phase space (Y, Y’) 
 
The horizontal kick angle, which the particle moving as a coordinate (x, z) gets, given by the sextupole field is 
calculated with the thin-lens approximation as 
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where lSX is the length of the thin-lens sextupole magnet. In the normalized coordinates, assuming that the 
displacement z is fully smaller than x, the kick angle in the above equation is transformed by Eq. (2.17) as 
follows: 
Y’
Y

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Therefore, the normalized strength, SX, of the sextupole field is defined by 
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Likewise, the normalized octupole strength, OC, is also defined as 
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where lOC is the length of the octupole magnet. 
  The trajectory of the particle, traveling in the synchrotron ring satisfying the resonance condition, is 
formalized in the following approach. In the normalized phase space, from Eq. (2.15) and Eq. (2.16), it is found 
that the transfer matrix, MX, for one revolution is indicated as 
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This matrix is for the particle moving in the perfect linear system as composed of ideal dipole and regular 
quadrupole magnets. The coordinates (Xn, X’n) after n turns is calculated, from the initial coordinates (X0, X’0), as 
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As shown in Fig. 2-5, supposing the small perturbation effect of a single sextupole magnet in the ring, Eq. (2.26) 
is changed as follows: 
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Fig. 2-5. Small perturbation effect of a single sextupole magnet. 
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Considering to the first order terms of SX, Eq. (2.28) can be rewritten as 
 

























n
m m
mn
XX
n
X
n
n
X
MS
X
X
M
X
X
1
2
0
0 0
~
~
.      (2.29) 
 
This is a general form in the nonlinear system with a small perturbation given by the sextupole field. The one 
with the octupole field is also derived similarly as 
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Next, let us consider the particle’s motion in the situation meeting the third-integer resonance condition that the 
fractional betatron tune is close to one-third as 
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In this condition, the particle returns to about the same coordinates after revolving in the ring three times. 
Compared to the case without the nonlinear perturbation, however, it receives the increments, X0 and X’0, of 
the position and angle by the effect of the sextupole field. 
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Thereby, considering t the time for three revolutions, the Hamiltonian H (X, X’) is given as 
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The particle trajectory in the normalized phase space is described in Fig. 2-6 by using Eq. (2.35). It is found from 
Eq. (2.35) that the particle trajectory in the normalized phase space becomes a circular motion corresponding to 
the ordinary betatron oscillation without the perturbation of the sextupole field. In addition, it is also important 
that the particular initial conditions (X0, X’0) where the particle does not move in the phase space after three turns, 
i.e. X0 = 0 and X’0 = 0, exist even under the presence of the sextupole perturbation. One of the particular 
conditions is (X0, X’0) = (0, 0), of course, which is the most stable point. Other solutions are the following three 
coordinates called unstable fixed points. 
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The unstable fixed points correspond to the apex of the triangle separatrix which is the boundary between the 
stable and unstable region of the particle’s motion. Therefore, the separatrix area, A, and emittance, , can be 
evaluated as 
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Fig. 2-6. Particle trajectory in the third-order resonance and sextupole field. 
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The area formulas of the separatrices produced by the half- and fourth-integer resonance are also derived, as well 
as Eq. (2.41), by supposing the perturbation of a single octupole field and the fractional tune close to one-half as 
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or one-quarter as 
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In the half-integer resonance, as a result, the equations corresponding to Eq. (2.34) and Eq. (2.35) are as follows: 
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In Fig. 2-7, the particle trajectory described from the above equation is indicated. The area of the separatrix 
produced by the octupole field and two unstable fixed points in the half-integer resonance are obtained as 
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Fig. 2-7. Particle trajectory in the half-integer resonance and octupole field. 
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Similarly, the position and angle increments by four turns and the Hamiltonian in the fourth-integer resonance 
are obtained as 
 


















3
00
3
00
0
0
28
28
XOXq
XOXq
X
X
Cx
Cx


,       (2.50) 
   4422
2
1
4 XXOXXqH Cx   .      (2.51) 
 
As the trajectory, given by the above equation, shown in Fig. 2-8, there are four unstable fixed points in the 
fourth-integer resonance as follows: 
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The equation of the central separatrix area in Fig. 2-8 is derived in the following formula. 
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Fig. 2-8. Particle trajectory in the fourth-integer resonance and octupole field. 
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2.2 RF-knockout slow extraction method 
 
2.2.1 Amplitude growth of betatron oscillation due to transverse RF-field 
 
  In order to obtain the beam-current for a long time, it is required that the circulating particles continue to be 
extracted from the inside of the separatrix to its outside. The RF-knockout slow extraction method enables it by 
using the constant separatrix and the transverse RF-field, as illustrated in Fig. 2-9. The frequency of the 
transverse RF-field is matched with that of the betatron oscillation, to excite the resonance like a forced 
vibration. 
  As shown in Fig. 2-10, let us consider that a pair of plate electrodes is placed at s = 0 in the ring and the 
voltage with the frequency, fKO, is applied into its gap. Under the linear dynamic system in Eq. (2.8), the 
equation of motion can be written as follows: 
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where a is a constant related to the angle kicked by the electrodes. For the simplification, applying Eq. (2.14) and 
the turn number, n, the above equation is rewritten as 
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where frev is the revolution frequency. If qy is taken as the fractional part of the betatron tune Qy, the solution of 
the above equation is given by 
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Fig. 2-9. Schema of the RF-knockout slow extraction. 
 
 
Fig. 2-10. Turn-by-turn effect given by the kicker electrodes. 
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From the above solution, it is obvious that the amplitude of the betatron oscillation diverges to infinite in the 
resonance condition as qy = qKO. As well as Eq. (2.29) or Eq. (2.30), by using the transfer matrix, the motion can 
be represented as 
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where  is the maximum kick angle. Assuming that the initial coordinates (Y0, Y’0) is (0, 0), the coordinates after 
n turns is calculated as 
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The second terms in the above equation are approximately zero by averaging them over many turns; therefore, 
the emittance growth after n turns can be estimated by 
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In fact, as indicated in Fig. 2-11, the betatron tune depends on the amplitude of the betatron oscillation owing to 
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the nonlinear field; hence the betatron tune of the particles inside the separatrix has a spread. Since the RF-field 
with the single-frequency component as Eq. (2.63) is inefficient to extract all particles inside the separatrix, the 
one with the frequency bandwidth is often applied. To estimate the beam diffusion effect by the RF-field with 
the band, Eq. (2.64) is rewritten by considering the small frequency difference as q ≡ qKO – qy as follows: 
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Thereby, the expression of the emittance growth in Eq. (2.66) is also rewritten as 
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Fig. 2-11. Amplitude dependence of the betatron tune. 
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When the bandwidth applied in the transverse RF-field is broader than the frequency-band corresponding to the 
tune spread, and the turn number, n, is fully large, the beam diffusion effect is represented from Eq.(2.69) by 
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Consequently, the definitive formula of the emittance growth by the diffusion is obtained in the following 
equation. 
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2.2.2 Other resonant slow extraction methods 
 
There are other two methods, than the RF-knockout method, used generally for the resonant slow extraction. 
The two methods are the following: (A) the quadrupole-driven and (B) the acceleration-driven slow extraction 
method [32]. The extraction processes by their methods are schematically explained in Fig. 2-12. 
  The quadrupole-driven method (A) uses the reduction of the separatrix area to extract the particles in the 
stable region. The area reduction is generated by varying the betatron tune using the quadrupole magnets in the 
synchrotron ring. The betatron tune is moved close to the resonance tune slowly in order to shrink the stable 
region.  
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Fig. 2-12. Schemata of (A) the quadrupole-driven and (B) the acceleration-driven slow extraction. 
 
 
The acceleration-driven method (B) also uses the shrinking of the stable region, but this method induces it by 
changing the beam-energy. Since the betatron tune depends on the momentum, i.e. the energy, of the particle, it 
can be varied by the acceleration or the deceleration of the beam. The momentum dependence of the betatron 
tune is defined as follows: 
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where  is called the chromaticity, and p is the fractional deviation from the design momentum p. The 
chromaticity is produced from the momentum dependence of the focusing strength due to the quadrupole field. 
On the other hand, the dispersion function is defined using the first order approximation of the momentum 
deviation, as well as Eq. (2.73), by 
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where x and x’ are the distortion of the particle’s position and angle due to the off-momentum. These are 
generated by the momentum difference of the dipole field. The center of the circulating beam changes in the 
phase space owing to the dispersion function, while extracting the beam by the acceleration-driven method, as 
shown in Fig. 2-12 (B). 
  The two methods described in this section vary the separatrix area slowly during beam extraction; hence the 
position and angle of the extracted beam are also moved. The drift of the position and angle during extraction is 
compensated ordinarily using the bump magnets and the electrostatic deflector in the synchrotron ring. The 
magnetic and electric fields of those are varied so as to fix the position and angle of the extracted beam. 
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Chapter 3: Experimental setup 
 
3.1 HIMAC synchrotron 
 
The HIMAC synchrotron ring is composed of alternative-gradient focusing structures, called FODO cells, 
which generate the combined focusing action due to a periodic array of the focusing/defocusing quadrupole 
magnets (QF/QD). This ring has a super periodicity of six. The main parameters and layout of the HIMAC 
synchrotron are indicated in Table 3-1 and Fig. 3-1, respectively. The values of the betatron amplitude function, 
, and the dispersion function, D and D’, in one cell of this synchrotron are shown in Fig. 3-2. 
In the HIMAC synchrotron, the multiturn injection method has been employed to store ions more. This 
synchrotron can accelerate ion beams with the charge-to-mass ratio of 1/2, from the injection energy of 6 MeV/n, 
up to 800 MeV/n. The maximum field strength and current of the bending magnets (BM) in the ring are 1.5 T 
and 2100 A. This synchrotron is operated usually with a period of 3.3 s. The pictures of the bending and 
quadrupole magnets are given in Fig. 3-3 and Fig. 3-4. 
 
Table 3-1 HIMAC synchrotron parameters 
Ion species  H – Xe  
Injection energy  6 MeV/n  
Maximum extraction energy  800 MeV/n  
Maximum rigidity  9.75 Tm  
Circumference  129.6 m  
Lattice structure  12 FODO  
Super period  6  
Operation period  3.3 s  
Average vacuum  ~ 10–8 Pa  
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Fig. 3-1. Layout of the HIMAC synchrotron. 
 
 
Fig. 3-2. Betatron amplitude and dispersion function in one super period of the HIMAC synchrotron. 
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Fig. 3-3. Bending magnet at the HIMAC synchrotron ring. 
 
 
 
Fig. 3-4. Quadrupole magnet at the HIMAC synchrotron ring. 
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3.2 Instruments for acceleration and extraction 
 
3.2.1 RF system 
 
The un-tuned RF cavity with cobalt-based amorphous cores has been installed in the HIMAC synchrotron ring 
[33], as shown in Fig. 3-5, and has been used for the multiple-energy operation. This RF cavity has the 
frequency range from 0.4 to 8 MHz without tuning control. This cavity consists of two acceleration gaps, and its 
maximum acceleration voltage is 4 kV. In broad-beam irradiation at NIRS, the RF system has employed the 
B-clock system, which can detect changes of 0.2 Gauss in the actual field of the bending magnet, as an 
acceleration frequency controller. However, the B-clock generator brings several clock errors because it handles 
a small signal with analog noise. These errors are capable of inducing the longitudinal emittance growth by 
exciting the coherent synchrotron oscillation in the RF bucket. This matter should be avoided for the 
multiple-energy operation performing some decelerations since it causes the beam loss during deceleration. 
Therefore, the RF system has adopted a periodic time clock (T-clock) system instead of the B-clock for the 
multiple-energy operation. The T-clock system using the clock generator with 192 kHz is synchronized with a 
power line frequency of 50 Hz for synchronization with the synchrotron power supplies. 
 
 
Fig. 3-5. Un-tuned RF cavity in the HIMAC synchrotron ring. 
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3.2.2 Extraction system 
 
At the HIMAC synchrotron, the beam extraction is carried out by using the third-integer resonance and two 
pairs of sextupole magnets, SXFr and SXDr, as shown in Fig. 3-6, as a separatrix exciter. In addition, to 
transport the beam toward the extraction beam line, the four bump magnets (BMP1-4), two electrostatic 
deflectors (ESDs) and two septum magnets (SMs) are also used. The state that the extracted beam is separated by 
the ESDs and the SMs from the circulating one is indicated in Fig. 3-7. The ESDs with the length of 1.3 m are 
made of thin tungsten plate, and can apply the electric field of 7 MV/m maximum. The septum electrode of the 
ESD is located 80 mm away from the central orbit, and has the thickness of the 0.2 mm. 
In the RF-knockout slow extraction, a pair of plate electrodes installed in the HIMAC synchrotron ring is 
employed as the horizontal kicker. The electrodes gap is 0.16 m and length is 0.7 m. The output from the 
function generator is applied to the electrodes, after amplified by the 400W RF power amplifier, through an 
impedance transformer and an all-pass network. The applied voltage is 1200 Vpp maximum with a frequency 
range from 0.1 to 2.0 MHz. 
 
 
Fig. 3-6. Sextupole magnet at the HIMAC synchrotron ring. 
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Fig. 3-7. ESDs (left) and SMs (right) at the HIMAC synchrotron ring. 
 
 
The separatrix produced in the horizontal phase space is shown in Fig. 3-8, at the entrance and exit of the 
ESDs in the HIMAC synchrotron. The betatron amplitude of the particle in the unstable region grows larger by 
the resonance, till reaching the gap of the ESD. The ESD gap is away from the center of the beam duct, so as not 
to narrow the physical acceptance of the circulating beam. The local bump orbit is produced toward the entrance 
of the ESD by the four BMPs. The bump orbit is used to control the angle and size of the extracted beam. The 
particle entering the ESD gap is kicked by the electrostatic field in order to separate from the beam remaining 
inside the separatrix. In addition, it is deflected by the SMs toward the beam transport line for extraction. The 
particle, which escapes just barely from entering the ESD gap, is also extracted after three turns by that. 
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Fig. 3-8. Beam extraction process using the separatrix, ESD and SM in the HIMAC synchrotron. 
 
 
3.2.3 Fast quadrupole magnets 
 
During beam-off in the treatments, two fast quadrupole magnets (QDS) are excited so as to stop the beam 
extraction in addition to turning off the RF-knockout kicker voltage. The photograph of the QDS is given in Fig. 
3-9. Their magnets have been placed symmetrically in the HIMC synchrotron ring, and can move the horizontal 
tune rapidly away from the resonance condition. The stable region of the motion in beam-off is kept larger than 
that in beam-on, by exciting the QDSs, so that the beam does not spill out from the separatrix. At the switching 
to the beam-on, the QDSs are turned off quickly. 
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Fig. 3-9. Fast quadrupole magnet at the HIMAC synchrotron ring. 
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3.3 Beam monitoring system 
 
3.3.1 Beam position and profile monitors 
 
The electrostatic pickup monitors [34] with triangular electrodes have been installed to measure the beam 
position in the HIMAC synchrotron ring. There are the twelve ones for horizontal and the eleven ones for 
vertical, and they are set behind the QFs and QDs with the horizontal and vertical steering magnets, respectively. 
The pickup monitors are used to measure not only the closed orbit distortion, but also the betatron tune from the 
signal of the beam position. 
In the beam transport line, the extracted beam profile is measured by the beam profile monitors [35] consisting 
of the multi-wire proportional counter. In some of these monitors, the extracted beam-current also can be 
measured by a parallel ionization chamber combined with the multi-wire unit. The extracted beam-current is also 
measured by the secondary electron monitor (SEM), which has the aluminum-deposited polypropylene film with 
the thickness of 3 micron as the target material and uses the electron multiplier with a maximum gain of 106. 
Since it permits the non-destructive measurement of the extracted beam-current, NIRS scanning irradiation is 
carried out while staying it in the beam transport line. 
 
3.2.2 DC current transformer 
 
The beam-current circulating in the HIMAC synchrotron ring is monitored with a DC current transformer 
(DCCT). An AC field is applied to saturate the magnetic field in the core material of the transformer. In the 
presence of the circulating beam-current, the phase of the excitation current where the saturation occurs is shifted, 
so that the higher harmonics of excitation voltage arises in proportional to the circulating beam current. The 
relation between the circulating beam-current and the voltage output of the DCCT monitor in the HIMAC 
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synchrotron ring is indicated by 
 
NqfV revDCCT  8.398 ,        (3.1) 
 
where VDCCT is the voltage of the DCCT output, and N is the number of the circulating particles. The frequency 
response is limited to 100 kHz by the hysteresis of core material. The DCCT output of 1 V corresponds to the 
circulating beam-current of 2.5 mA. 
 
3.2.3 Non-destructive two-dimensional beam profile monitor 
 
There is a monitoring device to get the two-dimensional beam profile for the non-destructive measurement 
[36] in the HIMAC synchrotron ring. The layout of this device is shown in Fig. 3-10. This beam monitor can 
view the beam profile image by a CCD camera with an image intensifier. The origin of the image is generated by 
using the interaction between the circulating beam and a thin oxygen gas-sheet beam crossing with the angle of 
45 degrees from the horizontal plane. This gas-sheet target is generated by the nozzle of 1.7 mm and the 
skimmer of 2 × 3 mm2, and is collimated by the first slit of 10 × 100 mm2 and the second one of 1 × 80 mm2. 
Furthermore, it is focused with a multipole magnet due to the magnetic momentum of the oxygen molecules, and 
has a width of 85 mm and a thickness of 1.3 mm after passing through the three slits. The ions produced by the 
beam-gas interaction are guided along the vertical electric field, and project the two-dimensional profile image 
on a luminescence screen after being amplified by the micro-channel plates (MCP). The other two electric fields 
are applied before and behind the ion collection field to compensate for the beam trajectory kicked by it. 
 
 
 
44 
 
 
Fig. 3-10. Scheme of the non-destructive two-dimensional beam profile monitor. 
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3.4 Scanning irradiation system 
 
3.4.1 System layout 
 
The NIRS scanning beam delivery system was designed so that the maximum beam-energy is 430 MeV/n to 
obtain the longitudinal range of more than 300 mm in the target, and the maximum irradiation size is a square of 
220 mm in the transverse field. This specification is to cover most of the targets treated by broad-beam 
irradiation at the existing HIMAC treatment rooms. The block diagram of the NIRS scanning system is shown in 
Fig. 3-11. This system consists of the two scanner magnets (SCMX and SCMY), fluorescent screen beam 
monitor (SCN), two beam flux monitors (BFN1 and BFN2), beam position monitor (BPN), ridge filter (RGF) 
and ten range shifter plates (RSFs). The RGF is employed to broaden slightly the sharp Bragg peak of the 
delivered beam, and the RSFs are used to precisely change the range of that in the target. 
The scan velocities of the SCMX and SCMY are 100 and 50 mm/ms respectively in the isocenter position at 
the maximum magnetic rigidity of 6.62 Tm corresponding to the energy of 430 MeV/n. 
 
 
 
Fig. 3-11. Block diagram of the NIRS scanning irradiation system. 
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To monitor the beam position and size of the beam delivered from the synchrotron, the SCN is installed before 
the scanner magnets. The SCN, which is composed of a thin ZnS(Ag) screen and high-speed CCD camera, can 
observe the two-dimensional beam image semi-non-destructively with the rate of 50 to 100 fps. The BFN1 and 
BFN2 are installed to measure the delivered beam-current. These monitors are the parallel-plate ionization 
chambers composed of a foil anode, two wire mesh cathodes and two grounded shielding foils. The gap between 
the anode and each cathode is 5 mm, and the charge collection time is estimated to be 70 s with the high 
voltage of –2.5 kV. The BPN is installed between the scanner magnets and the isocenter to monitor the beam 
position after being scanned. The position and profile of the scanned beam are also measured by the BPN which 
consists of the multi-wire proportional chamber. The BPN has 240 anode wires, each 120 of which are arranged 
in parallel with the spacing of 2 mm for each direction of x and y. The RSFs are taken in and out from the beam 
path a few dozen or nearly one hundred times during one irradiation, in order to shift the beam range. One 
motion of them is completed in several hundred milliseconds. 
 
3.4.2 Control unit for scanning irradiation 
 
The output currents from the BFN1 and BFN2 are digitized by current-to-frequency converters (IFCs), either 
of which consists of a current-to-voltage amplifier and voltage-to-frequency converter. The cutoff frequency of 
those is set to around 100 kHz. The frequency of the output pulse from the IFCs is in proportion to the input 
current. Their maximum output frequencies are 2 MHz. The conversion ratios of the IFCs can be switched to 2 
MHz/100 nA, 300 nA and 1000 nA by an external control. 
In the treatments or experiments, all the process of scanning irradiation is managed by the scanning controller 
1 in Fig. 3-11. The controller 1 counts the pulse signal, which is digitized by the IFC connected with the BFN1, 
as a dose delivered to each spot, and changes the currents of the scanner magnets via their power supplies to shift 
the target spot. It also controls beam-on/off switching, the beam-intensity and the RSFs in/out. The scanning 
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controller 2 monitors the scanning process. The beam is turned off quickly for the safety by this controller 2, if 
any of the following terms are detected during irradiation. 
(i) The error between the expected and the actual beam position is over the tolerable level of 2 mm, which is 
measured by the BPN just before each spot transition. 
(ii) The pulse counts from the IFCs are more than ±20% of the expected beam-current, which are checked 
every 8 ms as the rate of the delivered beam-current. 
(iii) The output of the current-to-voltage amplifier in the IFC exceeds the threshold voltage corresponding to 2 
MHz to be its maximum output frequency, because it leads to underestimate of the delivered dose. 
(iv) The pulse counts exceed the prescribed value during the beam-off period because of the leak of the beam. 
(v) The difference between the counts of the BFN1 and the BFN2 outputs is more than 5% of the expected 
those. The counts are compared at each spot. 
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Chapter 4: Reduction of extracted beam-current ripple 
 
4.1 Power supply ripple effect 
 
4.1.1 Sensitivity to the power supply ripple in resonant slow extraction 
 
The resonant slow extraction method has been used for various purposes in synchrotrons. It is often required 
to keep the beam rate, position and size constant during the extraction. The fast raster scanning irradiation also 
requires the beam-current with constant rate and low ripple. However, the power supply ripple of the magnets in 
the synchrotron ring prevents the requirements. The power supply ripple induces the betatron tune fluctuation 
and brings the beam-current ripple through the separatrix area variation. The ripple effect of the power supplies 
becomes especially dominant in the case of the low beam rate required for scanning irradiation. The 
improvement of the magnet power supplies and the development of the feedback device and feed-forward 
system have been developed for the ripple reduction of the extracted beam-current in many facilities. Though the 
RF-knockout slow extraction method itself is also less sensitive to the tune ripple because of the beam diffusion 
by the transverse RF field compared to the quadrupole-driven method, the beam-current ripple is observed in the 
HIMAC synchrotron, as shown in Fig. 4-1. 
 
4.1.2 Less sensitive method for the power supply ripple 
 
In the third-integer resonant extraction, the separatrix area depends on the tune distance from the third-order 
resonance in addition to the field strength of the sextupole magnet; therefore, the amount of separatrix area 
variation due to the tune ripple also depends on it. To suppress the beam-current ripple, I proposed to increase 
the tune distance and sextupole field strength simultaneously while keeping the separatrix area. This method is 
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applicable for the wide range of conditions compared to the feedback and feed-forward method, because it is 
effective for the beam-current ripple brought by the power supply fluctuations of any amplitudes, frequency 
components and phases. 
 
 
 
Fig. 4-1. Beam-current ripple induced by the power supply ripple. The frequency component of the main ripple 
is of 50 Hz. 
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4.2 Correlation between the beam-current ripple and the tune distance 
 
4.2.1 Model of the beam-current ripple 
 
The triangle separatrix area, A, produced by the third-order resonance and the sextupole magnetic field is 
defined in Eq. (2.41) by using the tune distance, qx, in Eq. (2.31). It is assumed that the betatron tune fluctuates 
with the ripple frequency, f, and amplitude, a, as follows: 
 
)2sin()( 0 ftaqtq  ,        (4.1) 
 
where q0 is the tune distance without the tune ripple effect. If the field strength error, Sx, by the power supply 
ripple of the sextupole magnet satisfies the condition {|(q/q)/(Sx/Sx)| >> 1}, as shown in Fig. 4-2, the 
separatrix area also varies by the tune fluctuation, as follows: 
 
dt
tdq
tq
tA
dt
tdA )(
)(
)(2)(
 .        (4.2) 
 
The beam is extracted at the rate of b particles per second (pps) using the RF-knockout slow extraction method 
and the beam rate is kept constant without the tune ripple effect. The beam-current ripple is induced due to the 
separatrix area variation through the tune ripple by spilling out of the particles near the separatrix. If the beam is 
extracted continuously, the extracted beam current, N(t), fluctuates as follows: 
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where ne is the charge of the beam particle, and  is the average particle density near the separatrix. The tune 
ripple amplitude, a, is usually quite small compared to q0. Therefore, Eq. (4.3) can be approximated considering 
the first-order term of a as follows: 
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Fig. 4-2. Separatrix area variation by the tune ripple in the third-order resonant extraction. 
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The power spectrum density, P, is the square of the magnitude calculated by the Fourier transform, F(2f), of the 
extracted beam current, N(t). It is proportional to the square amplitude of the beam current ripple, as follows: 
 
2
0
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q
fa
AfFP  .       (4.6) 
 
In the other orders of the resonance using the multipole magnetic field, Eq. (4.6) is met obviously from Eq. 
(2.47) and Eq. (2.56). In many cases, the separatrix area, A0, is determined by the initial distribution of the beam 
in the horizontal phase space and the extraction condition. From Eq. (4.6), it is found that the amplitude of the 
beam-current ripple becomes smaller by the lower  and larger q0. For the amplitude reduction of the 
beam-current ripple, it is preferable to increase the tune distance, q0, while keeping the separatrix area, A0, by 
increasing the sextupole field strength, S. The power spectrum density, P, decreases in inverse proportion to the 
square of the tune distance, q0. 
 
4.2.2 Simulation 
 
The particle-tracking simulation using the HIMAC synchrotron lattice was carried out with the parameters 
summarized in Table 4-1 with goal of verifying the correlation between the tune ripple and the tune distance 
from the third-order resonance, and to compare the result to that expected by Eq. (4.6). The longitudinal 
conditions are those of the bunched beam. The horizontal tune Qx is changed from 3.680 to 3.695 so that the 
separatrix area is kept constant. The separatrix area is 100  mm mrad. The resonance tune is 11/3. The effect of 
the tune ripple is induced by the thin lens quadrupole magnets placed on every cell. The tune ripple form is the 
sine wave with a frequency of 50 Hz, which is equal to the industrial frequency. The beam is extracted by the 
transverse RF field using the RF-knockout slow extraction method. The voltage of the transverse RF field is 
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determined so that the beam rate is approximately constant without the tune ripple. 
The simulation results of the extracted beam-current are shown in Fig. 4-3 with the tune ripple amplitude of 2 
× 10–4. The extraction duration is 500 ms. The tune distances are 0.0137 (a) and 0.0286 (b). The suppression of 
the beam-current ripple is clearly found. The power spectrum density of the frequency component of 50 Hz in 
the beam-current is shown in Fig. 4-4. The tune ripple amplitudes are 5 × 10–5, 1 × 10–4 and 2 × 10–4, respectively. 
The amplitude of the beam-current ripple of the 50 Hz component is reduced to 46% on average with the tune 
distance from 0.0137 to 0.0286. The dotted lines in Fig. 4-4 are the damping curves from Eq. (4.6). The 
normalization factor is obtained from the least-square fitting of the data with the tune ripple amplitude of 2 × 
10–4. 
 
 
Table 4-1 Simulation parameters 
 
 
Beam 12C6+ 250 MeV/n
Particle number in the ring 1 x 105
Betatron tune Qx 3.680 – 3.695
Momentum spread (1) 2.5 x 10–4
Horizontal chromaticity –1.0
Revolution frequency (frev) 1.423 MHz
Frequency of longitudinal RF-field 5.692 MHz = 4 x frev
Field strength K2 of SXFr1/2 1.220 – 2.217 m
–3
Field strength K2 of SXDr1/2 1.468 – 2.668 m
–3
Frequency of artificial tune ripple 50 Hz
Amplitude of artificial tune ripple 5 x 10–5, 1 x 10–4, 2 x 10–4
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Fig. 4-3. Simulation results of the extracted beam-current with the horizontal tune (a) q0 = 0.0137 and (b) q0 = 
0.0286 using the RF-knockout slow extraction method. The extraction duration is 500 ms. The induced tune 
ripple is the sine wave form with a frequency of 50 Hz and an amplitude of 2 × 10–4. 
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Fig. 4-4. Simulation results of the correlation between the tune distance from the resonance and the power 
spectrum density of the frequency component of 50 Hz in the extracted beam-current. The tune ripple amplitudes 
are 5 × 10–5, 1 × 10–4 and 2 × 10–4. The dotted lines are the damping curves expected as result of Eq. (4.6). 
 
 
The limitation of this method is determined by the maximum turn separation and extraction efficiency. The 
turn separation, X, is defined as the increment of the horizontal position after 3 turns in the normalized phase 
space, and it becomes larger in proportion to the sextupole field strength, S, and the tune distance, q0, as Eq. 
(2.34). The variation of the maximum turn separations under simulated conditions is shown in Fig. 4-5. The 
results agree with the linear dotted line fitted by the least-square method. To achieve high extraction efficiency, it 
is required that the maximum turn separation is shorter than the gap width of the electrostatic septum deflector. 
Therefore, the sextupole field strength, S, and the tune distance, q0, are limited practically by the gap width of the 
electrostatic septum deflector. 
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Fig. 4-5. Tune distance dependence on the maximum turn separation in simulation conditions. The dotted line 
was fitted by the least-square method. 
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4.3 Experimental results and discussion 
 
4.3.1 Experimental setup 
 
The experiment at the HIMAC synchrotron was performed to confirm the validity of the proposed method 
using a fully stripped carbon 12C6+ beam with energy 250 MeV/n. The experimental parameters are summarized 
in Table 4-2. The number of stored particles in the ring was 1 × 1010, and the extraction beam rate was 1 × 108 
pps. The block diagram is shown in Fig. 4-6. The tune ripple effect was generated artificially using two fast 
quadrupole magnets (QDSs) in the ring. The sine wave signal was inputted to the power supply of the fast 
quadrupole magnets. The frequencies of the artificial ripple were 67 Hz and 1167 Hz, and thus they could be 
easily distinguished from the original ripple frequencies of 50 Hz and 1200 Hz. The tune amplitudes of the 
artificial ripple were 3.0 × 10–6, 6.0 × 10–6 and 1.2 × 10–5. The stored beam was extracted by the transverse RF 
field using the third-order resonance and the RF-knockout slow extraction method. The transverse RF field had 
FM that was matched to the tune spread of the beam in the separatrix whenever the horizontal tune Qx was 
changed. The repetition frequency of FM was 777 Hz. The ion chamber was placed at the end point of the beam 
line for measurement of the beam-current and the feedback control of the extraction beam current. The extracted 
beam rate was kept constant by the feedback system which controlled the voltage of the transverse RF field. The 
system employed proportional and integral control with a feedback time constant of 100 ms. The artificial ripple 
cycle was enough shorter than the time constant of the feedback, which meant that the feedback system hardly 
influenced the beam-current ripple induced by the artificial tune ripple. 
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Table 4-2 Experimental parameters 
 
 
 
 
 
Fig. 4-6. Block diagram of the experimental setup. 
 
Beam 12C6+ 250 MeV/n
Particle number in the ring 1 x 1010
Betatron tune Qx 3.677 – 3.689
Momentum spread (1) 2.5 x 10–4
Horizontal chromaticity –1.0
Revolution frequency (frev) 1.423 MHz
Frequency of longitudinal RF-field 5.692 MHz = 4 x frev
Field strength K2 of SXFr1/2 1.236 – 2.017 m
–3
Field strength K2 of SXDr1/2 1.487 – 2.428 m
–3
Frequency of artificial tune ripple 67 Hz, 1167 Hz
Amplitude of artificial tune ripple 3.0 x 10–6, 6.0 x 10–6, 1.2 x 10–5
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4.3.2 Measurements of the beam-current ripple 
 
The power spectrum density of the frequency components of 67 Hz and 1167 Hz in the extracted beam-current 
are shown in Fig. 4-7. The resonance tune was 11/3. The horizontal tune, Qx, was changed from 3.677 to 3.689. 
The upper limit of the horizontal tune, Qx, was determined to maintain the high extraction efficiency, as indicated 
in Fig. 4-5. The acceptable maximum turn separation was 9 mm in consideration of the gap width of the 
electrostatic septum and the sagitta. The sextupole field strength was also changed so that the separatrix area was 
kept at 100  mm mrad. The separatrix area was estimated by the tracking calculation and extracted beam 
profiles, which were measured by four beam profile monitors placed in different positions on the extraction 
beam line. The statistical errors of the power spectrum density were evaluated using beam-currents that were 
extracted during 6.4 sec. The Fourier transform was carried out every 1.6 sec in the beam-current after 
normalizing the beam current. 
The experimental results agreed with the dotted curves fitted from Eq. (4.6) as well as the results obtained by 
simulation. The normalization factors of 67 Hz (a) and 1167 Hz (b) were obtained from the least-square fitting of 
the data with the tune ripple amplitude of 6.0 × 10–6. The ripple amplitude of the 67 Hz component was reduced 
to 44%, and that of the 1167 Hz component was reduced to 46%, on average, with the tune distance from 0.0108 
to 0.0225. The reduction of the 50 Hz and 1200 Hz components, which were induced by the original power 
supply ripple, in the beam-current were also confirmed, as shown in Fig. 4-8. The extracted beam-currents are 
shown in Fig. 4-9 with the tune ripple frequency of 67 Hz and amplitude of 1.2 × 10–5 for comparison. The 
beam-current had the large ripple of the 67 Hz component in Fig. 4-9 (a) with the tune distance of 0.0108. It was 
clearly reduced in Fig. 4-9 (b) with the tune distance of 0.0225. The FM repetition frequency component of 777 
Hz appeared as the main ripple component in the beam-current of Fig. 4-9 (b).  
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Fig. 4-7. Experimental results of the correlation between the tune distance from the resonance and the power 
spectrum density of the frequency components of (a) 67 Hz and (b) 1167 Hz in the beam-current. The tune 
ripples, which were sine wave forms with the frequencies of (a) 67 Hz and (b) 1167 Hz, were artificially induced 
using the fast quadrupole magnets in the ring. The amplitudes of the artificial tune ripple were 3.0 × 10–6, 6.0 × 
10–6 and 1.2 × 10–5. The dotted curves were obtained from Eq. (4.6). 
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Fig. 4-8. Reduction of the beam-current ripple induced by the original power supply ripple. The frequencies were 
50 Hz and 1200 Hz. The dotted lines are the curves fitted by Eq. (4.6). 
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Fig. 4-9. Experimental results of the extracted beam-current during 200 ms with the horizontal tune (a) q0 = 
0.0108 and (b) q0 = 0.0225 using the RF-knockout slow extraction method. The extraction beam rate was 1 × 10
8 
pps. The artificial tune ripple was the sine wave form with the frequency of 67 Hz and the amplitude of 1.2 × 
10–5. 
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Chapter 5: Suppression of extracted beam-current spike 
 
5.1 Approach for the reduction of the uncontrollable spilled beam 
 
A fast scanning irradiation method requires the intensity control and quick on/off switching of the beam. The 
RF-knockout slow extraction method has been used to meet their requirements at NIRS. The control of the 
transverse RF field is responsible for that of the beam-intensity and on/off switching. However, particles that 
remained just inside the separatrix spill out even without the transverse RF field. That is due to the betatron tune 
fluctuation by the current ripple of magnet power supplies, the chromaticity and momentum variation through 
the synchrotron oscillation and the emittance growth with the higher order resonance. The typical spilled beam is 
shown in Fig. 5-1, and is measured by the following procedure. 
In stage (1), a fully stripped carbon 12C6+ beam with the energy of 350 MeV/n was extracted for 1 s at a 
constant rate of 5 × 108 pps from the stored particle number of 1 × 1010 in the ring. In stage (2), the beam was 
stopped for 1s by turning off the transverse RF field and exciting the QDSs. In stage (3), the QDSs were turned 
off and the transverse RF field remained off. 
The beam spilled out then at the rate of 7.6 × 108 pps, which was measured by the ion chamber. The rate of the 
extracted beam-current cannot be control below that. For accurate beam intensity control, it is necessary that the 
uncontrollable beam rate is reduced as low as possible. 
To reduce the uncontrollable spilled beam, I proposed to apply the extra frequency component. This approach 
adds a single-frequency component to the frequency-band in the transverse RF field. The extra frequency is 
matched with the betatron tune of particles near the separatrix. The particles just inside the separatrix can be 
selectively extracted using the proposed method during irradiation; as a result, the particle density around the 
separatrix is lowered, and the uncontrollable spilled beam can be suppressed. 
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Fig. 5-1. Extracted beam spill and uncontrollable spilled beam measured by an ion chamber. Stage (1): The beam 
extraction for 1 s. Stage (2): The beam off duration of 1 s by turning off the transverse RF field and exciting 
QDSs. Stage (3): The QDSs were turned off while turning off the transverse RF field. 
 
 
 
 
 
 
 
 
 
 
 
 
0 500 1000 1500 2000 2500
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
 
 
B
e
a
m
 i
n
te
n
s
it
y
 [
a
rb
. 
u
n
it
]
Time [ms]
(1) (2) (3)
 
B
e
a
m
 i
n
te
n
s
it
y
 [
a
rb
. 
u
n
it
]
 
B
e
a
m
 i
n
te
n
s
it
y
 [
a
rb
. 
u
n
it
]
65 
 
5.2 Evaluating the effect of the extra frequency component 
 
5.2.1 Calculation by using a simplified model 
 
Considering the distance, R, from the center orbit in the normalized phase space, as shown in Fig.5-2, R of a 
particle monitored at a fixed place changes every turn by the transverse RF field with a single-frequency 
component described in Eq. (2.63) as 
 
nnn RRR 1 ,        (5.1) 
 22 nnn XX  ,        (5.2) 
   001 2cos2sin   nQnQR KOxn .     (5.3) 
 
For simplicity, it is assumed that the distance, R, is enough larger than the kicked angle, , as R >> , and the 
momentum of the particle is equal to the design momentum as p/p = 0. Eq. (5.3) is the expression of the 
distance variation in an ideal linear system. If the resonance condition, as qx = qKO, of the fractional tunes is 
satisfied, Eq. (5.3) can be rewritten as 
 
    0000
1
4sinsin
2


 nqR xn .      (5.4) 
 
The second term in above equation becomes zero by averaging with many turn, therefore, it is rewritten as 
follows: 
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Fig. 5-2. Simplification of the particle motion with the transverse RF field.  is the angle kicked by the 
transverse RF field, and R is the change of R due to the kick angle. 
 
 
 00
1
sin
2



dn
dR
.       (5.5) 
 
Eq. (5.5) agrees with Eq. (2.66), and means that the particle density near the separatrix can be lowered by the 
matched single-frequency component in the nonlinear system with the amplitude dependence of the betatron 
tune. The particles just inside the separatrix can be reduced in proportion to the maximum kick angle, , and the 
number of particles which come into the resonance region per unit time is proportional to ()
2, where  denotes 
the maximum kick angle of the transverse RF-field with the FM, from Eq. (2.72). Therefore, the total amount, N, 
of the uncontrollable spilled beam is evaluated during the extraction by this method using 
 
R
X’ [m1/2]
X [m1/2]
R

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1
2
2


kN  ,         (5.6) 
 
where k represents a coefficient. The uncontrollable spilled beam is monotonically decreased by increasing the 
voltage of the transverse RF field with the extra frequency component. 
 
5.2.2 Simulation 
 
The particle-tracking simulation is carried out with the lattice of the HIMAC synchrotron and the parameters 
summarized in Table 5-1 in order to evaluate the effect of the extra frequency component. In this simulation, the 
transverse RF-field with FM is used to diffuse the beam covering the tune spread inside the separatrix, and the 
one with a single-frequency component is employed to reduce particles just inside the separatrix. The initial 
longitudinal conditions are matched with those of the bunched beam. 
In the simulation, the particles are extracted using the third-integer resonance of 11/3 and the sextupole 
magnetic field. The simulation result applied only the transverse RF-field with the FM is shown in Fig. 5-3 (a). 
The beam is extracted for the duration of 100ms in stage (1), and is stopped for 30ms by turning off the 
RF-knockout voltage and exciting the QDSs in stage (2). Only the QDSs are turned off in stage (3). It is found 
that an amount of circulating particles spills out in stage (3), and the pulse width is 0.7 ms, which corresponds to 
the synchrotron frequency of 1.55 kHz owing to the momentum variation by the synchrotron oscillation. The 
distribution of the uncontrollable spilled beam in the normalized phase space just before stage (2) is shown in 
Fig. 5-4 (a). As expected, the particles which lead the uncontrollable spilled beam remain just inside the 
separatrix. The Fourier spectrum derived from the horizontal betatron oscillation of the particles in Fig. 5-4 (a) is 
shown in Fig. 5-4 (b). The extra frequency component is determined so that it corresponds to the betatron 
frequency spectrum of those particles. 
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The simulation result of the extracted beam-current with the extra frequency component is indicated in Fig. 
5-3 (b). The voltage ratio between the RF-fields with the FM and single-frequency component is 1:1. The other 
conditions are identical with those shown in Fig. 5-3 (a). Consequently, the particle density near the separatrix is 
reduced, and the amount of the uncontrollable spilled beam is reduced to 4.5% of the case with only the FM 
component. 
 
 
Table 5-1 Simulation parameters 
Beam  12C6+  350 MeV/n  
Particle number in the ring  1 × 106  
Betatron tune  (3.680, 3.113)  
Momentum spread (1s)  2.5 × 10-4  
Horizontal chromaticity  -0.5  
Revolution frequency (frev)  1.589 MHz  
Frequency of longitudinal RF-field  6.355 MHz = 4 × frev  
FM frequency of transverse RF-field  1.077 MHz  
Bandwidth of FM 6 kHz 
Single frequency of transverse RF-field  1.069 MHz  
Maximum kick angle of RF-KO electrode  4.0 rad  
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Fig. 5-3. Simulation result of the extracted beam-current (a) only using the transverse RF-field with FM and (b) 
with the extra frequency component in addition. Stage (1): The beam extraction for 100 ms. Stage (2): The 
transverse RF-field is turned off and QDSs are turned on for 30 ms. Stage (3): Only the QDSs are turned off. 
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Fig. 5-4. (a) Uncontrollable spilled particles in the horizontal normalized phase space with the separatrix line of 
p/p = 0 and (b) Fourier spectrum of the turn-by-turn horizontal position. 
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5.3 Experimental results and discussion 
 
5.3.1 Variation of the beam distribution due to the extra frequency component 
 
The experiments were carried out using a fully stripped carbon 12C6+ beam with energy of 350 MeV/n. The 
rate of the extracted beam-current was 5 × 108 pps, and the stored particle number was 1 × 1010 in the ring. The 
other conditions were equal to the parameters given in Table 5-1. In order to investigate the effect of the extra 
frequency component on the beam density distribution, the circulating beam was measured utilizing a 
non-destructive 2D beam profile monitor in the HIMAC synchrotron ring. The comparison of the beam 
distributions is shown in Fig. 5-5. The measurement duration was 0.3 ms during extraction. Fig. 5-5 (a) indicates 
the circulating beam distribution extracted by the transverse RF-field with FM which was from 1.079 to 1.082 
MHz, and (b) is one applying the single-frequency component of 1.074 MHz. The horizontal beam tail in Fig. 
5-5 (c) became smaller by using the extra frequency component. 
 
5.3.2 Measurements of the uncontrollable spilled beam 
 
The uncontrollable spilled beam was measured by an ion chamber at the end of the extraction beam line. Fig. 
5-6 shows the extracted and the uncontrollable spilled beam under the same condition as Fig. 5-5 (b). The 
measurement sequence was identical to those of Fig. 5-1. In stage (3), the QDSs were turned off so that the 
uncontrollable spilled beam could be observed. The spilled beam was greatly reduced compared with that in Fig. 
5-1. The amount of it was measured by the ion chamber for 100 ms after the QDSs were turned off. The 
measured beam-current in Fig. 5-6 indicates that lowering the particle density,  near the separatrix by the extra 
transverse RF field is also effective for the reduction of the beam-current ripple, as described in Eq. (4.6). 
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Fig. 5-5. Measurement results by the non-destructive 2D beam profile monitor. The circulating beam was applied 
the transverse RF-field (a) only with the FM and (b) adding the extra frequency component. The dotted line and 
the solid line in (c) show horizontal projection profiles of (a) and (b), respectively. 
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Fig. 5-6. Extracted beam-current and uncontrollable spilled beam measured by an ion chamber. In the transverse 
RF-field, the extra frequency component of 1.074 MHz was added to the FM from 1.079 to 1.082 MHz. 
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represents the beam-rate of 7.6 × 108 pps, which is the amount of the uncontrollable spilled beam in the case 
applying only with the FM. The spilled beam-rate was obviously suppressed by the addition of the extra 
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Fig. 5-7. Experimental results of uncontrollable spilled beam measured by an ion chamber. 
 
 
 
Fig. 5-8. Experimental results of uncontrollable spilled beam measured by an ion chamber with the voltage ratio 
between the transverse RF-field with the single frequency component and the FM, i.e. from 1 to 5.3. 
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A higher voltage ratio is preferable to reduce the uncontrollable spilled beam. The spilled beam-rate with the 
voltage ratio of 1:5.3 became 3 × 106 pps, which is 6% of that observed with the ratio of 1:1, and 0.4% of that 
brought by the RF-field only with the FM. As expected from Eq. (5.6), the uncontrollable beam is monotonically 
decreased in Fig. 5-8, according to the increase of the voltage ratio. The value of (VFM)
2/Vsingle derived from Fig. 
5-8 is indicated in Fig.5-9, together with the dotted line obtained from Eq. (5.6). The experimental results agreed 
with the relation represented in Eq. (5.6), when the effect of the single-frequency component was more dominant 
than that of the FM. The result, when the voltage ratio was 1:1, deviates from the dotted line, since the condition 
assumed in the simplified model is not satisfied because of low influence of the single frequency component. 
 
 
 
Fig. 5-9. Correlation between the uncontrollable beam rate and the voltage ratio derived by converting the 
horizontal axis of Fig. 5-8. The dotted line is obtained from Eq. (5.6). 
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Chapter 6: Development of beam-intensity control system 
 
6.1 Beam extraction with intensity modulation 
 
6.1.1 Use of the beam-intensity modulation 
 
The irradiation time taken for an isoenergy slice depends on the total dose given in its slice. Normally, the 
deeper isoenergy slice needs the higher dose, and the required dose for the proximal slice is low relatively. The 
maximum dose ratio between the slices is often twenty or thirty times. When the respiration-gated method is 
applied for the moving target by the patient’s breath, it is favorable that the irradiation time for each isoenergy 
slice is equal, because it sometimes leads the off-centered distribution, as indicated in Fig. 1-8. Therefore, the 
beam-intensity modulation control is strongly required to make the irradiation time for each slice even, 
regardless of the total dose in each slice. In order to keep high irradiation accuracy, it is preferable to control the 
extracted beam-current with low ripple and spike in the intensity range from twenty to thirty times. 
 
6.1.2 Problems to be found in the previous study 
 
In the previous study at NIRS, the tests of the beam-intensity modulation were carried out using feedback 
control device, as shown in Fig. 6-1. This device received the analog voltage signal, as the measurement value of 
the extracted beam-current, via a current-to-voltage amplifier from an ion chamber at the end of the beam 
transport, and it controlled the voltage of the transverse RF-field with a feedback proportional-integral (PI) 
control. The test results by the feedback device indicated that the PI control is sufficient to keep the 
beam-intensity; however, they also gave the following problems which should be resolved for treatment 
irradiation with high accuracy. 
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(i) The intensity range was limited up to around four times, when the beam-current ripple is blow 20%. 
(ii) The beam-current spike was induced at the restarting of the beam extraction with the beam-off interval of 
more than one second. 
(iii) The large beam-current spike was often observed in the first beam-on operation after beam injection and 
acceleration, because of the cycle-by-cycle variations of the initial beam distribution. 
(iv) The feedback control became unstable and could not keep the required beam-intensity in the extended 
flat-top operation, when the circulating beam-current became low. 
 
 
 
Fig. 6-1. Previous test results of the beam-intensity modulation using feedback control device. The 
beam-intensity is green, and the DCCT output is red in (a). The photo of the feedback control device is (b). 
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6.2 Amplitude feedback control of the transverse RF-field 
 
6.2.1 Review of the feedback control unit using simulation 
 
For the application of the beam-intensity control system to scanning irradiation, I improved the previous 
feedback control. The PI control was chosen as the feedback control method, following the previous one. From 
the past results, it had been found that the PI control has a competent performance to keep the arbitrary rate of 
the extracted beam-current if the amount of the circulating beam is enough. The time constant of the feedback 
control was a few milliseconds. Moreover, it was expected that the problem of the beam-current ripple, higher 
than a few ten hertz, is improved in wide intensity range by the method described in chapter 4. In the simulation, 
the PI feedback loop was used for the amplitude control of the transverse RF-field by the following typical form: 
 
     dtPVSVKPVSVKSVKMV IPS ,   (6.1) 
 
where MV, SV and PV are the abbreviations for the manipulative variable, set variable and process variable, 
respectively. The SV and PV correspond to the desired and the measured value of the extracted beam-current. 
The MV is the amplitude of the transverse RF-field.  
It was expected that the beam-current spikes, which are induced in the beam-on after the beam-pause of more 
than one second, are suppressed by the approach described in chapter 5. The feed-forward part, which is the first 
term in the right-hand side of the Eq. (6.1), was assigned for quick response to the beam-on. Though it was a 
function form in the previous feedback control, it was changed to use of a constant being in proportion to the 
square root of the required beam-intensity. This was determined from Eq. (2.72). The feed-forward gain is 
adjusted so that the beam-intensity approaches by increasing the amplitude of the transverse RF-field with slow 
ramp due to the feedback control. That is to avoid leading the beam-current spike; therefore the integral part of 
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the feedback control is initialized invariably before the beam-on operation. 
The frequency of the feedback loop should be chosen carefully, because the too faster response of the 
feedback system brings about a divergent or oscillatory behavior. It was determined considering the delay due to 
the charge collection time in the ion chamber and the mechanism in the resonant slow extraction. The charge 
collection time of the beam flux monitor is 70 s. Since a particle just outside the separatrix revolves about fifty 
times in the synchrotron ring before reaching the ESD gap, several dozens of microseconds are taken until a 
particle just outside the separatrix is detected by the monitor. Therefore, it was determined that the amplitude is 
modulated with the cycle of 100 s using the moving average of 200 s. 
The simulation of the reviewed feedback control was carried out to verify its performance. It was started from 
the situation that the beam extraction was paused after the beam-on duration of 10 ms. Four simulation results of 
2 × 106 particles with the beam-energy of 430 MeV/n were shown in Fig. 6-2 classified into each beam-intensity. 
Each extracted beam-current kept the set intensity stably by the feedback PI control. The results indicated the 
quick and stable beam-on with the constant feed-forward value and the slow ramp of the RF voltage by the 
feedback control. Furthermore, it was found that the variations of the initial beam condition affected less owing 
to the pre-extraction of 10 ms. This meant that the short beam extraction, i.e. the transverse beam preheating, 
before irradiation makes the cycle-by-cycle variations of the initial beam distribution less effective. The spike as 
indicated in Fig. 6-3 due to the large emittance is avoided by introducing the preheating method. 
When the amount of the circulating beam particles continues to diminish with the extraction, the RF voltage 
diverges to infinity, and the feedback control loses retention of the required beam-intensity as shown in Fig. 6-4. 
Such situation that the beam-intensity is out of control must be avoided, and the beam injection should be 
executed for the supplementation of the beam amount immediately cancelling the extended flat-top operation. 
However, its timing control only by monitoring the circulating beam-current is unstable, because the limitation 
of the RF voltage exists in the real system. Hence, the beam-intensity control system makes the reinjection 
timing using the thresholds set for the circulating beam-current and the feedback RF voltage. 
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Fig. 6-2. Simulation results of the feedback beam-intensity control. 
 
 
Fig. 6-3. Beam-current spike due to the large initial emittance. 
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Fig. 6-4. Uncontrollable beam-intensity when the amount of the circulating beam-current is little. 
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adder after adjusting the voltage of their signals by each voltage-controlled amplifier (VCA). These VCA gains 
vary the voltage ratio between the output signals from the DDSs, via 12 bit digital-analog-converters (DACs) by 
the feedback control unit within the FPGA. The amplitude of the added signal is modulated by another VCA. Its 
gain is controlled for the feedback PI control of the extracted beam-current. A block diagram of the feedback 
control loop is described in Fig. 6-7. The feedback loop in Fig. 6-7 is equal to that of Eq. (6.1) used in the 
simulation. 
In this new system, the pulse signal from the IFC described in Fig.3-10 is used for the process variable, PV, in 
the feedback loop. Utilizing the pulse counting of the digitized beam-current and the simple moving average 
(SMA) of 200 s, the feedback operation is executed every 100 s. Since this system employs the same signal as 
the irradiation control system uses, it need not to consider the individual difference between the detectors in the 
irradiation ports. Furthermore, it prevents the noise and attenuation of the signal due to the long-distance 
transmission between the control systems of scanning irradiation and the synchrotron. 
 
 
 
Fig. 6-5. Photograph of the developed low-level RF generator. 
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Fig. 6-6. Block diagram in the low-level RF generator. 
 
 
 
 
Fig. 6-7. Block diagram of feedback control loop. 
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The IFC can switch one among the three conversion ratios of 2 MHz/100 nA, 300 nA and 1000 nA by the 
external control; hence, the feedback operation of Eq. (6.1) was changed as follows. 
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The feedback control unit outputs the timing signal for the beam reinjection, when the manipulative variable, 
MV, exceeds a threshold value over 20 ms. In the feedback operation, as well as the simulation, the integral part 
of the error variable is initialized at the timing of the RF-off. 
The RF signal is output with a logical AND operation on the RF-on gate and request. During the period of the 
RF-off, the RF switch is kept turning off and all VCA gains are zeroed. The RF signal with feedback control is 
output after driving the 10 mW RF power amplifier. The parameters, such as the output frequency and feedback 
control gain, are uploaded to the table on the RAM with RS232C or Ethernet LAN via the CPU board for the 
communication control, and they are also memorized in the flash ROM. The parameters are selected, according 
to the beam-intensity and beam-energy, from the table uploaded beforehand. 
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6.3 Experimental results and discussion 
 
6.3.1 System overview 
 
As shown in Fig. 6-8, the beam intensity control system is composed of the low-level RF generator, RFG, and 
the sequence controller, SC. For the feedback control, the RFG uses the beam-current signal measured by the 
BFN1 in irradiation and by the SEM in the transverse beam preheating. The output signal from the RFG 
amplified by the 400 W RF power amplifier, and it is applied to the RF-knockout kicker electrodes through an 
impedance transformer (IT) and all-pass network (APN). The SC controls the RF-on gate by receiving the 
flat-top status from the HIMAC timing system (TS). The SC also monitors the circulating beam-current 
measured by the DCCT. When the SC receives the reinjection request signal from the RFG, or when the 
circulating beam-current is less than a threshold value, the SC conveys the reinjection order to the HIMAC TS. 
 
 
 
Fig. 6-8. Diagram of the beam-intensity control system. 
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  The transverse beam preheating is executed for 500ms before delivering the beam to the scanning port, and it 
is performed each time the beam is injected and accelerated in the synchrotron, as shown in Fig. 6-9. During the 
preheating, the SC closes the beam dump shutter not to deliver the extracted beam toward the scanning port. The 
QDSs are turn off synchronizing with the RF-on status from the RFG. This status signal is also transmitted to the 
scanning irradiation system for distinction of the beam-on/off. 
 
6.3.2 Beam-intensity modulation 
 
The beam experiment was carried out for the test of the new beam-intensity control system. It was performed 
using carbon 12C6+ beams with three beam-energies of 430, 350 and 290 MeV/n provided by the multiple-energy 
synchrotron operation. In this operation, the beams continue to be bunched by the longitudinal RF-field during 
the flat-top besides acceleration and deceleration. The number of stored particles was 7 × 109 in the ring. The 
beam was extracted by the RF-knockout slow extraction method using the sextupole magnetic field and the 
third-order resonance of 11/3. Other experimental parameters are summarized in Table 6-1. 
 
 
 
Fig. 6-9. Time chart of the extraction operation for the transverse beam preheating. 
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Table 6-1 Experimental parameters 
Energy of 12C6+  430 MeV/n 350 MeV/n 290 MeV/n 
Betatron tune (Qx/Qy) 3.686/3.131 3.686/3.128 3.686/3.133 
Chromaticity (x/y) -0.8/-4.6 -0.8/-4.6 -0.8/-4.6 
Revolution frequency 1.687 MHz 1.589 MHz 1.497 MHz 
Momentum spread (1) 7.8 × 10
-4 8.1 × 10-4 5.5 × 10-4 
Extraction beam rate 
7.6 × 106 – 
2.3 × 108 pps 
8.4 × 106 – 
2.5 × 108 pps 
9.3 × 106 – 
2.8 × 108 pps 
FM frequency of transverse RF-field 1.149 MHz 1.084 MHz 1.021 MHz 
Bandwidth of FM 6.0 kHz 7.9 kHz 7.5 kHz 
Repetition frequency of FM 777 Hz 777 Hz 777 Hz 
Single frequency of transverse RF-field 1.138 MHz 1.074 MHz 1.012 MHz 
 
 
In order to verify the performance of the developed system, beam-on/off switching operation including the 
beam-intensity modulation was tested for the three beam-energies, as shown in Fig. 6-10. The beam-intensity set 
variable was varied with range from 8 × 106 to 3× 108 pps. The extraction duration for each beam-intensity was 
500 ms. It was clearly found that the rates of the beam-current were kept equal to the set points with the 
feedback control using the process variable measured by the BFN1. 
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Fig. 6-10. Typical test results of the beam-intensity modulation containing beam-on/off switching. The beam was 
extracted with energy of 290 MeV/n intermittently on two modulation patterns, such as (a) stepwise and (b) 
rugged mountain shapes. Each of the beam-on duration was 500 ms. 
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Fig. 6-11 represents the standard deviations of the extracted beam-current ripple for each beam-intensity. They 
were derived by filtering with 500 Hz. The ripple of the extracted beam-current depends on the amount of the 
circulating beam-current. To evaluate its effect on the beam-current ripple, the error bars are indicate on Fig. 
6-11 as the range of the standard deviation in the measurement results. The standard deviations of the 
beam-current ripple were mainly below 20% except for the lowest beam-rate, and more than half of them were 
below 10%. The results are enough allowed for the implementation of NIRS scanning irradiation. The measured 
beam-current on Fig. 6-10 is described in Fig. 6-12 magnifying at the timing of beam-on switching. Each 
beam-current is normalized with the beam-intensity set point on Fig. 6-12. The rising time of the beam-current 
was 3 ms including the settling time from turning on the transverse RF-field. 
 
 
 
Fig. 6-11. Standard deviations of beam spill ripple in each modulated beam-intensity extraction. 
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Fig. 6-12. Response to beam-on switching in Fig. 6-10. 
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Chapter7: Conclusion 
 
The NIRS scanning project has tried to realize the treatment of moving targets by fast scanning irradiation, 
ahead of other facilities performing particle therapy. On the other hand, to make a more precise dose distribution, 
the NIRS scanning system has introduced multiple-energy operation, which is an innovative technique in the 
synchrotron operation, with extended flat-tops. Their new challenges require advanced controls for beam 
extraction, such as: 
(i) reduction of the extracted beam-current ripple, 
(ii) suppression of the extracted beam-current spike, and 
(iii) beam-intensity modulation. 
The beam-current ripple was improved by using a new approach in the RF-knockout slow extraction. In 
resonant slow extraction, the current ripple of the magnet power supplies causes that of the extracted beam. That 
is because the separatrix area depends on the tune distance from the resonance. To reduce the beam-current 
ripple, an optimizing method of the tune distance and the sextupole strength was proposed. By the proposed 
method, the amplitude of the beam-current ripple was reduced to below 50% on various frequency components, 
such as 50 Hz and 1200 Hz, caused by the power-supply ripple. Furthermore, the spike of the extracted 
beam-current, as well as its ripple, was also reduced by applying an extra frequency component to the transverse 
RF-filed. 
The on/off switching of beam extraction brought about uncontrollable beam spilling. From the simulation 
results, it was found that the spilled beam inducing the beam-current spike can be reduced by lowering the 
particle density near the separatrix. To extract selectively the particles just inside the separatrix, the 
single-frequency component, which they are strongly resonant with, was added in the transverse RF-filed. Owing 
to this change, the uncontrollable spilled beam was reduced to 0.4% of that observed with the ordinary method. 
The beam-intensity control system was improved on the basis of the previous study and simulation of the 
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feedback control. A low-level RF generator was developed to connect the beam-intensity control system with the 
irradiation control system, and was installed in the beam-intensity control system. The RF generator also has the 
function of the amplitude feedback modulation, itself. For the improved control system, an experiment including 
the beam-intensity modulation was carried out. Standard deviations of the beam-current ripples were achieved 
below 20% and a settling time of 3 ms by feedback beam-intensity control at beam-on switching, in the 
beam-intensity range of thirty times. 
A 50 percent reduction of the extracted beam-current ripple halves the dose difference between the plan and 
the actual results, without slowing the magnetic scan speed, or allows doubling the scan speed while maintaining 
the original dose difference. In addition, significant suppression of the extracted beam-current spike greatly 
contributed to the realization of fast variable beam-energy extraction using multiple-energy operation. For 
treatments by scanning irradiation, the new beam-intensity control system has been used since the first one 
performed in May 2011. Clinical trials of the NIRS scanning irradiation were successfully completed for eleven 
patients in November 2011, owing to new findings concerning the beam-extraction control. 
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